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The 3*2p pionic x ra;ys in NiS8 and Ni60 have been observed 2n 
order to mCt88ux-e the strong interaction between the pion and the nucleus. 
These isotopes were chosen because nuc@ar effects i n  the %-rag energy 
are eqectedto be large aad the x-ray yield is appreciable. W e  see a 
large nuclear level shif't and broadening, but no isotope effect within 
experimental error. 
found to have a strong dependence on the neutron radius, and our resuZts 
are consistent with the hypothesis of' equal neutron and proton 
Hawever, uncertainties i n  the pion-nuclear interection do not W an 
accurate deterraination of the neutron radiwa. 
The strength of the pion-nuclear interaction is 
radii. 
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1. Is@l%ommolu 
The 2pcls p i a c  ac-rsgl transit ions have been Invest5gated' in detail 
for low 2 nuclei up t o  2-12 (megnesim) where nuclear capture f&uu the 2p 
state practicslly eliminates radiative transit ions in to  the 3s state. Thus 
fa, 2pb pionic meys have not 'been observed for elements with atanic numbers 
higher than maeptcsium. The investigation of pionic x raofs has been continued2n4 
t o  Usher 2 nuclei by observing higher transit ions i n  which the nuclear effects 
are lerge. As part o f t h i s  study, we present our results for the nickel 3- 
transtt ion in which the nuclear interaction is observed for pions i n  a p state.  
Since the nuclear interaction in nickel for a 3d-state pion is negligible can- 
pared t o  the *-state interaction, nuclear effects obaemed in the 3&2p transi- 
tion are attributed t o  bn interaction with the e s t a t e  pion. 
As i n  the 2p+ls transi.tion, the atomic numnbers for which 3bt2ptranaitions 
can be observed is Untited by nuelear capture from the upper leve l  (the 3d s ta te )  ; 
and, as indicated by ear l ie r  measurements, nickel i s  one of the highest 2 elements 
i n  which this transit ion can be practically observed. 
to reawe isotope Wiguities an8 we selected zero spin nuclei t o  eliminate hyper- 
fine splfttings which can confuse line-width measurements. 
We used separated isotopes 
Two isotopes of nickel w e r e  used because we hope4 t o  see an isotope s h i f t  
i n  the x-rey energy and width due t o  the different ntmiber of neutrons i n  the 
isotope. 
bution i n  the nucleus, pions offer the paslsibility of measuring the neutron dis- 
trgbution because they interact with neutrons as w e l l  as with protorrs. 
distrZbution of neutrons is different in the two isotopes, we would expect t o  
masure different x-ray energies. Fionic x rays i n  nickel have been observed 
by P d z  et 
Unlike mons end electrons which are ustdto xuea$urc the pmtoxa distri- 
If the 
but they ai4 nat u8e separated isotopes. 
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Section 2 describes the experimaentaf. arrangement; the analysis of the 
x-ray data is presented in sections 3 and 4; section 5 discusses muonic II reys 
which were present in the data; an8 the dependence of the level shifts on 
neutran radius is tuawsea in section 6. 
This experiment used the 600 WlJ cyclotron at the BABA Space Radiation 
Effecta L&oratOry i n  flewport Rws- A beam of 90 MeV pions waa stopped in 
targets which measured 4 inches square and were two gm/& thick, and our 
average stopphg rate was 50,000 p$ons/sec. Our bean telescape w a s  composed 
of three beam defining counters, a veto counter behind the targets and a water 
Cerenkov counter t o  veto electrons. To minimize the effects of gain variation 
in measuring isotope shifts, the two nickel isotopes were placed in the beam 
and their x rws were observed simultaneously. 
were identified by placing a separate couxrter directly i n  front of each target. 
A coincidence 'between one of these counters and the beam, telescope counters 
signalled a stopping event in the corresponding target. Then a broad coincidence 
(about 600 nsec) between the stopping event and a count i n  the germanium detector 
opened a gate which allowed the germanium signal t o  be pulse height analyzed. 
The stopping event also routed the pulse-height-analyzed signal in to  a storage 
area reserved for that tasget, In this way, the data w a s  sorted in to  two dif- 
ferent areas of a c q u t e r  memzy according t o  which target the x ray w a s  
essociated, "he data w a s  stored on-line into an IBM 360-44 computer through a 
Yale-IBM 2972 interface. 
The x rqs for each isotope 
me t i m e  intervel between a pulse f'rom a stopping event and a pulse f'rom 
Then the event was classed the gemaniurm detector w a s  measured for each event. 
e~zl prompt, early or delqred depending on the msgnitude of the interval. 
event corresponds Co a fast process such as a p i - a t d c  transit ion; an early event 
occurs when an x rsy Is detected before the pion stops and it is an meorrelated 
''aecidentB1." event; and a deleJted event corresponds t o  a slow process such as 
grvmnr emission Pnrn a long-lived nucllesr s ta te .  
A prompt 
Because of delaqs i n  the pdbes,  
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rn early event had atime internal which was greater than the  prompt event 
and a delayed event had atime internal which was less than the prompt event. 
The pulse height spectra fo r  each target was there% divided in to  three parts 
depending on the timing associated w i t h  the pulse. A s-le timing spectra 
is shown i n  Fig. 1. 
low, we knew that the number of accidental coincidences i n  the p m p t  spectra 
was small and did not attempt t o  subtract a background from our data. 
Since the number of counts outside the prompt peak was 
\ 
The pulse heisht analysis system was arranged t o  look at x-rclg energies 
i n  the germanium detector-frcan 250 t o  530 keV, and stabi l izers  were used t o  
s t&i l i ze  both the,zem leveL.and gain of the system. 
stabiUzed-on-the 2Tg keV gauma-fmxn..a..Hg203 source, and the  upper level was 
skdxW.-zed-urr t,he'.kn keV-gamma-rFrom.B$. 
events 
w a x . s t i U  found t o  be slightly-aensi?Ave to beam level, so we observed the 
position of the  m2*3 and Be7 l ines  which..appeared in the pru@ sp$KAzUm as 
accidental coincidences, 
height system whXle coUect_ing data. 
The zero level w a s  
The sWbilizers *Led on single  
khese .sources i n  $he germanium: detector..- .Howevep;-tbe system g- 
We were--thea able t o  measure the  gain of the pulse- 
\ 
The detector used i n  the  experiment w a s  a 30 Cm3* C O a a l - d r i f i  f3@rnmrQim 
diode w i t h  a cooled FET i n  the front end of its preamplifier. 
purchased from RCA Canada and was supplied i n  a capsule that  allowed the detector 
t o  be mounted i n  a cryostat with an FET and cooled without etching the germanium. 
The detector had a resolution of about 2.7 keV (Arll-width-half-maximum) at 
477 keV. 
The diode was 
The l inear i ty  o f t h e  pulse height analysis system was checkedxitb a 
ramp pulser and the resulting spectrum appeared flat i n  the region of hterest 
o f t h e  pulse height spectrum. 
sources Xsted i n  Table I; the Aulg8 source was especially useful since its 
The l inear i ty  was further checkedwiththe 
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energy is very close to  that of the 3d+2p transition in  nickel. The M a t i o n  
from linearity was no greater than 0.1keV i n  the region of interest. 
The data we analyzed were collected i n  a four day period, and the 
3d+2p pionic x-ray peaks had about 4000 counts for each of the Nisa and N i 6 0  
isotopes. 
about 300 coullts. 
The peak height was about 100 counts an tap of a background of 
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3. X-RAY ENERGY 
The peaks i n  the pulse height spectrum were analyzed fo r  their  position 
and width by using a search procedure which linearized the parameters of a 
curve describing the peak t o  find the best least-square fit t o  the data. The 
gamma l ines  used for  calibration w e r e  f i t  by Gaussian profiles; the centroids 
of the Gaussisns established the system l inear i ty  and w e  took the widths of 
the Gaussians t o  be the instrumental resolution (the width of a l ine  with no 
natural broadening). 
The centroid of the 3d+2p pionic x-ray l i ne  w a s  calculated by f i t t i n g  
the peak w i t h  three different profiles;  a Gaussian, a Lorenzian, and a Voightian 
(a  convolution of a Lorenzian and a Gaussian). 
not expectedto give a good fit t o  the peak, the curves are symmetric and 
should yield the same centroid. 
w a s  fit by a smooth curve, and the centroid position was not very sensitive t o  
either the shape of the background or the number of channels i n  the pulse height 
spectrum used for  analysis. 
t o  the background shape and th i s  is discussed i n  the next section. 
shown i n  Fig. 2 and the centroid position indicated on the figure w a s  found t o  
be ( i n  channels) 
While the first two curves are 
In all of the calculations, the background 
However, the width of the x-ray l i ne  w a s  sensitive 
The data is  
N i 5 8  610.5 2 0.8 
N i 6  610.4 5 1.1 
where the errors reflect uncertainties i n  statistics and background. 
corresponding t o  these centroids wa8 found by assuming a l inear  energy-channel 
relation between the 
slope of the c u b r a t i o n  l i ne  w a s  0.283 keV/chsnnel. 
certainty as t o  the position of these two calibration l ines  i n  the spectrum, 
The energy 
and Be7 l ines  i n  the pulse height spectrum. The 
Since there w a s  some un- 
an additional error  was introduced i n  the x-ray energy. 
The l inear i ty  of the system was checked by collecting a pulse height 
spectrum from several sources, including Hg203, Be7, and Aurg8 , simultaneously. 
Aulg8 emits a gamma of 4U.795 f 0.009 keV (Table I) which is  close t o  the  
x-ray energy, and therefore provides a convenient calibration. 
gain w a s  l inear  between the Hg203 and Be7 gama peaks, we overestimated the 
Aulg8 gamma energy by 0.1 keV. 
x-ray energy calculated above t o  correct fo r  non-linearity. 
Assuming the 
We then subtract 0.10 5 0.05 keV from the 
The measured energies are 
N i S 8  414.11 5 0.48 keV 
N i 6 0  414.08 2 0.51 keV 
The above results are i n  fair agreement w i t h  the value of 415.23 5 0.70 keV 
observed by Poelz et  al.3 i n  natural nickel. 
bration and a non-linearity correction are not required for  the isotope sh i f t ,  
t he  t o t a l  error i n  the isotope shif’t is less than the error  i n  the difference 
of the isotope energies given above. 
Since an absolute energy cali- 
For the isotope shif’t w e  f ind 
N i 6 0  - His8 -0.03 f .54 keV . 
The errors are tabulated i n  Table 11. 
4. LEXELWID!FHS 
The widths of the x-ray l ines  were found by f i t t ing a Voightian curve 
t o  the peaks. The Voightian is given by the  expression 
where A is a constant, u is related t o  the width of the Gaussian representing 
the instrumrttntal resolution, I' is the natural-line-width of the x rqr, and xo 
is the position of the centroid. Peaks i n  the pulse height spectra were then 
fit by a curve 
where b(x) is a smooth curve representing the  background. 
from sources i n  the prompt spectra and held constant while A, I'; XO, and 
parameters i n  b(x) were varied t o  obtain a best least-square fit t o  the data. 
Although i" is sensitive t o  the value chosen for  a, the error i n  the value of 
I' due t o  an uncertainty i n  u was s a l  compared t o  the error introduced by 
the background analysis. 
I' had a value of about 30 channels. 
Q was determined 
A typical value of u was 9 channels (2.5 keV) while 
When we fit the data, cutoff points in the spectrum m u s t  be chosen 
between which the spectrum is fitted wfth a curve. 
be carefuUy se l ec t ed to  include enough channels t o  define the background 
shape; yet i f  too many channels are used, the s g e c t m  
peaks which are not of interest  and will not fit a smooth curve. 
Vofghtian profile can be very broad and one must be caref'ul t o  include enough 
channels t o  cover the significant part of the profile. 
lat ion by varying the cutoff points and found that the widths w e r e  somewhat 
The cutoff position must 
inelude ether 
Also the 
W e  tested our calcu- 
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sensitive to  the  position of the cutoffs. In  f i t t i n g  a Voightirtn, w e  sepa- 
rated the cutoff points as much as possible t o  include most of the wings of 
the Voightian curve. 
the Voightian had f a l e n  t o  2% of i t s  peak value. We tested the f i t t i n g  pro- 
cess by using different curves t o  represent the background fZrnction b(x); the 
background w a s  represented by an exponential, an exponential plus s t r d g h t  l ine,  
and a l/x function. 
for  the widths 
The analysis included 170 channels and at the end points 
Combining these analyses, we obtain the following values 
N i 5 8  7.6 k 1.4 keV 
N i 6 0  8.5 k 1.5 keV 
0.9 2 2.0 keV N i 6 0  - NiS8 
where the error is due mainly t o  an uncertainty i n  the background. 
our analysis, we assumed that there were no background gammas near i n  energy 
t o  the 3*2p x ray. 
cussed i n  the next section. 
Throughout 
The possibil i ty of muonic x-rays i n  the spectrum is dis- 
Our results for the x ray widths are i n  fair agreement wi th  the value of 
12.7 f 3.0 keV observed by Poelz et  i n  natural nickel. 
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5. MUONS 
A muon, stopping i n  the target, triggers our logic and subsequent 
muonic x rays are storedwith the pionic x-ray data. 
and adjusting the beam absorber such that most of the pions stopped i n  the 
nickel targets, we maximized the r a t io  of stopping pions t o  stopping muons 
and thereby minimized the relative number of muonic x rays, 
However w e  s t i l l  had some muons stopping i n  our target as indicated by the 
presence of 3at2p muonic nickel x rays i n  the spectra. We could therefore 
expect t o  find some 4d+2p muonic x rays which have an energy of 416 keV and 
could interfere w i t h  the analysis of the 3d+2p pion l ine.  
By using thin targets 
Since the intensity of 4d+2p muonic x rays i n  our pion spectra w a s  too 
s m a l l  t o  be observed, we inferred i ts  intensity i n  the folluwing way. 
spectra were taken i n  which the range materid was increased so t ha t  only muons 
stopped i n  the target; we c u e d  these spectra our muon spectra t o  distinguish 
them from the pion spectra for which the range w a s  set t o  maximize the number 
of stopping pions, 
4d+2p x-ray intensity t o  the 3d+2p intensity. 
by the nmber of 3*2p muonic x rays i n  the pion spectra, and we took the  result 
as the number of 4d+2p muonic x rays i n  the pion spectra. The 3*2p and 4d+2p 
x rays have a f ine structure spl i t t ing;  we assumed an intensity r a t i o  of 9:1:5  
for  the 5/2+3/2 : 3/2+3/2 : 3/2+1/2 transitions i n  the multiplet  and summed the 
axeas of the three p e a s .  
the 4d+2p intensity is too weak t o  be observed, but it m u s t  be less than 300 
counts. 
When multiplied by the 1350 (1170) 3d+2p muonic x-rays observed i n  the pionic 
N i 5 8  (Ni60) x ray spectra, w e  find that the nlmiber of 4d+Q muonic x rays 
X-ray 
The muon spectra were used t o  measure the r a t io  of the 
Then th i s  r a t io  w a s  multiplied 
In the muon spectra w e  count 1625 3d+* x rays and 
We then get a (4d+2p)/(3d+2p) intensity r a t i o  which is less than 0.18. 
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expected in  the pionic spectra m u s t  be less than 240 (210). 
3800 (4700) counts i n  the 3d-t2p N i 5 8  (Ni60) pion spectra, the expected nuniber 
Since we h d  
of 4d+2p mons is small. As a f i n a l  check, a small 4d+2p x ray peak w a s  added 
t o  the nickel pion data, and the resul t  of the least-square-fit w a s  not wpre- 
ciably affected. 
The 3d+2p muonic x rays i n  the pion spectra were useful i n  providing a 
check on our energy measurements because their  energies are w e l l  known; the  2p 
level sh i f t  due t o  f i n i t e  nuclear s i ze  is smaJ.1 and can be calculated t o  an 
accuracy of 0.10 keV. 
and applied the same energy corrections as w e r e  made fo r  the 3d+2p pion l ine.  
We therefore found the  centroid of the 3d+& muon peaks 
The results for  the muon x ray peaks taken from the muon spectra and the pion 
spectra are shown i n  Table 111; the error  i n  the  calculated value is due t o  an 
uncertainty i n  the nuclear size. The agreement between the measured and calcu- 
lated values are good except for the 3d3,2+2p1/2 x ray i n  the  pion spectra 
which was difficult t o  analyze because it was close t o  the larger 3d5/2+2p3/2 
l ine  and the background beneath the peak was  f ive times greater than the peak 
height. The 3d3/2+2p3,2 t ransi t ion was too w e a k  t o  be observed. 
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6. ISOTOPE EFFECT 
Experiments with electron scattering and muonic x rays provide a 
measure of the proton radius of the nucleus,7 and one of these experiments 
indicates that the proton radius increases when neutrons are added t o  the  
N i s 8  nucleus. 
neutron radius because pions interact w i t h  both protons and neutrons. Changes 
i n  the neutron radius would be seen by observing an isotope sh i f t  i n  pionic 
x-rey energies after correcting for  a change i n  proton radius. To see what 
effects can be expected, we compute the shif ts  from perturbation theory using 
an optical-model potential  t o  represent the strong interaction. Perturbation 
theory gives the proper 2 dependence for  the energy level  sh i f t s  of 3&2p 
pionic transitions,* however it is an approximation and permits only a quali- 
tative discussion of the isotope effects. 
atoms should also be sensit ive t o  neutron number, but this  phenomenon is so 
poorly understood that  even a qualitative discussion would be difficult and 
therefore we sha l l  only look at the  level  sh i f t s ,  
a With pionic atoms, there is a possibil i ty of measuring t h e  
The level broadening i n  pionic 
In  perturbation theory, the energy sh i f t  is given by 
& E =  d [ ( Y Y V L / ’ ~ T  
where 
(1) 
i n  which p ( r )  is the proton density normalized t o  the number of protons i n  the  
nucleus, p,(r) is the neutron density normalized t o  the nuuiber of nelrtrons i n  
P 
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the nucleus, d is the gradient operator and the potentia3 pasameters bi and 
ci are taken from earlier work.2 The signs are chosen such that a repulsive 
potential gives a negative energy sh i f t  AE which reduces the binding energy. 
W e  assume that p (r) is knuwn, and we the energy s h i f t  t o  study pn(r). We 
only look at the  difference i n  energy sh i f t  for  two isotopes because corrections 
t o  the x-ray energy which depend on proton n-er tend t o  cmceLTherefore effects 
P 
due t o  f i n i t e  Coulcanb size and vacuum polarization need not be considered, and 
the  effect  of the pion-proton nuclear interaction is  minimized. 
With OUT results and Eq. (11, we calculated the dependence of the isotope 
sh i f t  on neutron radius for  nickel. We used a proton density given by a Fermi 
distribution, 
-+J* 
w i t h  0, a constant determined by nomalization and 
N i S 8  c = 4.28 F a -- 0.57 F 
Ni60 c = 4.35 F a = 0.57 F 
where the  N i 5 8  parameters are taken from Elton: e for  Ni6* has been aausted 
t o  give an rrns radius which increases from m i 5 @  t o  N i 6 0  as A l l 3  i n  agreement 
w i t h  experiment, 8 and we assumed that a is the same fo r  both nuclei. Since 
the neutron density i s  unknown for both nuclei, the neutron and proton densities 
were assumed equal i n  ( w i t h  an r m s  radius of 3.93 F) t o  simpliry the 
comparison between nuclei. 
density i n  N i 6 0  and the distribution was varied by Mrs t  setting c = 4.35 F and 
varying a ,  then set t ing a = 0.57 F and varying e. 
Then a Fermi distribution was used for  the neutron 
The cdculat ion w a s  done 
twice, once for  each of two sets of potential  parameters given i n  Table IV. 
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Set 1 of the potential  parameters represents a best f i t  t o  the  x ray data with 
equal neutron and proton distributions, and set 2 is a prediction computed frm 
the pion-nucleon scattering amplitudes. Fig. 3 shows the result of t h i s  crtlcu- 
lation. The isotope shif t  given i n  the  figure is the difference in  energies of 
Nh60 and N i S 8  ccmputed from Eq. (11, and it is plotted as a function of the ms 
neutron radius of N i 6 * .  
on the neutron radius and decreases w i t h  increasing radius. 
pendence of the  isotope s h i f t  can be understood by looking at Fq. (1) i n  which 
the neutron distribution appears i n  a potential  multiplying the wave function 
( the local  interaction) and t he  gradient of the wave function (the non-local 
interaction). The local  interaction is repulsive the non-local interaction 
is at t ract ive,  and the net  effect  is produced by a competition between these 
two terms. 
more rapidly and the isotope s h i f t  decreases. 
As shown i n  the figure, the isotope s h i f t  depends strongly 
This functional de- 
With increasing neutron radiuss the loca l  interaction increases 
The isotope s h i f t  varies rapidly w i t h  increasing neutron radius because 
the pion wave function increases rapidly as shown i n  Fig. 4. The sh i f t  depends 
on an integral  of the product of the neutron density and the square of the  pion 
wave f'unction, and t h i s  product has a maximum at the nuclear surface. 
would expect the level sh i f t s  t o  be sensitive t o  detei ls  i n  the neutron distri- 
bution at the surface. 
So one 
Comparing the  calculated and experimental value of the isotope shif ts ,  
w e  f ind a value of 3.75 F < rn < 4.00 F for the N i 6 0  nns neutron radius which 
can be compared t o  the N i 6 0  nns proton radius of 3.98 F. As can be seen from 
Fig. 3, t h i s  i n t e r v a l  fo r  rn is not very sensitive t o  the  nuclear parameters. 
However, the result may be sensitive t o  the model w e  have used for  calculation. 
The isotope sh i f t  has been measured for the 1s level  i n  oxygen, and 
the binding energy fo r  01* w a s  observed t o  be less than 0l6 by 4-94 i: 0.50 
keV.’ We computed the  sh i f t  using the same formalism as described above for 
nickel, and the results are shown i n  Fig. 5.  
eters we  used 
For the proton density param- 
016 e = 2.6 F a = 0.41 F 
018 c = 2.75 F a = 0.41 F 
where the 01‘ parameters are taken from Elton,’ a for  0I8 w&s assumed equal 
t o  the a of 0l6 and e w a s  chosen so tha t  the m s  radius increased from 0l6 
t o  0l8 as A l l 3  i n  agreement w i t h  experiment.10 We assumed the  neutron dis- 
tribution 
2.52 F, and we varied the 0l8 neutron parameters by holding e = 2.75 F constant, 
and varying a, then holding a = 0.41 F constant and varying e. 
w a s  done for  both sets of potential  parmeters given i n  Table IV. The isotope 
s h i f t  is negative because of the non-local interaction for pions i n  an s s t a t e  
is  s m a l l ,  and the s h i f t  is  dominated by the  repulsive local interaction. 
s h i f t  is  not as sensit ive t o  the neutron radius as w a s  the shif t  i n  nickel 
because the wave function for  a 1s pion is almost constant over the  nucleus 
and, as a result, the in t eg ra l  of the density and the wave function is not as 
sensitive t o  haw the neutrons are distributed, 
pion wave function decreases, the  overlap of the wave function and the nucleus 
decreases, and the magnitude of the s h i f t  decreases. 
and proton distribution i n  0l6 were equal w i t h  an rms radius of 
The calculation 
The 
With increasing radius, the 
When compared t o  the experimental value, the two sets of potential  
parameters give different results for  the neutron radius. However, both sets 
of parameters indicate that the neutron r m s  radius is  greater than the  proton 
rms radius for  018. 
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7. CONCLUSION 
W e  have measured the 3d+2p pionic x-ray energy and width i n  N i s 8  and 
Within the  error  of our measurement, we do not observe an isotope sh i f t  N i 6 0 .  
i n  either the energy or  width of the x ray. 
require a great reduction i n  the background below t h e  x-ray peak because the 
peak is  broad and an analysis of the width of the peak is  sensitive t o  the 
shape used for  the background. 
A more accurate measurement w i l l  
The result for  the difference i n  the transit ion energies (isotope sh i f t )  
for  N i 5 *  and N i 6 0  w a s  compared w i t h  prediction using different shapes for  the 
neutron distribution. 
rms neutron radius, but an accurate calculation of the  radius must w a i t  u n t i l  
a more reliable model of the pion-nuclear interaction i s  known. 
we find tha t  the isotope s h i f t  is  consistent w i t h  the assumption of equal neutron 
and proton radii i n  both EJi58 and N i 6 0 .  
The isotope shift  w a s  found t o  be very sensitive t o  the 
With our model, 
O u r  results are i n  fair agreement w i t h  those of Greenless, Pyle and 
Tangu and Slanina and IjIcManus12 who use proton scattering cross sections t o  
f ind nucleon distribution i n  H i s 8  and Ni60. 
tr ibution i n  other nuclei are summarized i n  Ref. 13 and 1 4 ;  i n  general, the 
neutron and proton distribution are similar for  the nuclei which have been 
studied. 
Measurements of the neutron dis- 
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Trible I. Calibration sources. The energies are taken from Ref. 5 
except for ~ e 3 5  from ~ e f .  6 .  
Source 
Hg20 
~ e 7 5  
Aulg8 
Be 
Energy (keV) 
279.17 f 0.02 
264.688 f 0.037 
279.556 +, 0.025 
304.0 f 0.1 
400.677 f 0.026 
4'71.57 f 0.05 
Table 11. Errors i n  centroid analysis ( i n  keV) . 
Source N i 6 *  Isotope Shift  
0.28 0.31 0.42 Stat i s t ics  
and background 
Gain 0.15 0.15 0.12 
Non-linearity 0.05 0.05 0.0 
Total 0.48 0.51 0.54 
Table 111. Muon x-ray enereies. 
Isotope Transition Memured Energy C&X.3.8*ercl 
Muon spectra Pion spectra fi=-eY 
Ni58 365 /2*3 /2 308.34+,0,41 308,69~. 32 308.3020 10 
3&312*1/2 3l3.30*0* 49 314.5l20.41 313.3230.10 
Table ZV. P o t e n t i a l  parameters used in E q .  (21, The data is taken f k o m  Ref. 2. 
Parameter 
bo 
bl 
C l  
Set 1 Set 2 
-0.0197 -0.028 
-0,064 -0.10 
0.131 0.19 
-0.018 0.16 
FJ,g. 1. A typical timing spectrum taken duriw data collection. Tbe 
channel number is proportional t o  the difference in time between 
a pulse from the germanium detector and a stopping pion pulse. 
gain on the horizontal scale is 4.6 nsec/channel. 
The 
Fig. 2. Pulse height spectra of the 3Wp pionic x ray i n  nickel isotopes. 
The solid l i n e  is a least-square-fit t o  the data, and the dashed l i n e  
is the assumed shape of the background. 
peak is  the calculated centroid position and error. 
The horizontal l i ne  above the 
Fig. 3. Nickel isotope sh i f t  as a function of the rms neutron radius rn of 
Ni60 for  different nuclear parameters. r 
(3.98 F), end the shaded area represents the experimentally observed 
energy. 
is the rms proton radius 
P 
Fig. 4. Relative shape of the nucleon density 0 ,  the square of the pion wave 
The vert ical  function 
scale is different for each curve. 
a pion i n  a 2p-atomic state. 
and the Function 1$I2p for a N i 6 0  nucleus. 
J, is the Bohr radial wave f’unction for 
Mg. 5.  Oxygen isotope sh i f t  as a flanction o f t h e  r5.s neutron radius rn of 
0’’ for different nuclear paraaeters. r is the proton radius (2.62 F), 
and the shaded area represents the experimental data. 
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